Abstract-Angiotensin-(1-7) [Ang-(1-7)] causes endothelial-dependent vasodilation mediated, in part, by NO release.
T he renin-angiotensin system is a crucial regulator of cardiovascular homeostasis. Most physiological effects of angiotensin (Ang) II are mediated via Ang II type 1 (AT 1 ) receptors (AT 1 R), with Ang II type 2 (AT 2 ) receptors (AT 2 R) counteracting AT 1 R actions. 1 Growing evidence indicates that the Ang peptide Ang-(1-7) plays an important role in the renin-angiotensin system. 2 This heptapeptide is formed by Ang-converting enzyme-dependent and Ang-converting enzyme-independent pathways. Much attention has been given recently to its formation through hydrolysis of Ang II by the ectoenzyme Ang-converting enzyme 2, which is present in many organs. 3 Ang-(1-7) opposes many Ang II-stimulated actions. Ang-(1-7), acting through the G protein-coupled receptor (GPCR) Mas, releases NO and prostaglandins causing vasodilation, inhibition of cell growth, and opposition of AT 1 R-mediated Ang II vasoconstrictor and proliferative effects. 2 Overactivity of the renin-angiotensin system, as observed in cardiovascular diseases, and the lack of balance among its peptides may reduce NO bioavailability leading to endothelial dysfunction. 4, 5 NO plays a critical role in endothelial function, maintaining vasodilator tone, inhibiting platelet aggregation and adhesion, and modulating vascular smooth muscle cell contraction and proliferation. 6 Many risk factors implicated in cardiovascular diseases seem to be associated with impairment in the NO system with a reduction in endothelial generation of NO by endothelial NO synthase (eNOS). 5, 6 eNOS activity is regulated by various kinases, which induce coordinated phosphorylation of specific sites. 7 Phosphorylation of eNOS at Ser1177 by the phosphatidylinositol 3Ј-kinase (PI3K)/protein kinase B/Akt pathway results in a 2-fold increase in eNOS catalytic activity and NO production. eNOS phosphorylation at Ser1177 is a well-characterized pathway activated by vascular endothelial growth factor, 8 insulin-like growth factor-1, 9 fluid shear stress, 10 and bradykinin. 11 Phosphorylation also involves a decrease in the dependence of the enzyme for Ca-2ϩ -calmodulin. 12 In contrast, eNOS phosphorylation at threonine 495 reduces enzyme activity and NO generation. 13 Previous studies demonstrated that endothelial cells are capable of generating Ang-(1-7) from its precursors Ang I and Ang II because they apparently express the required converting enzymes. 14 Endothelial cells possess Ang-(1-7) receptors, 15 and Ang-(1-7) stimulates NO production in these cells. 16 Recently, our group reported that short-term stimulation of the receptor Mas by Ang-(1-7) improves endothelial function through facilitation of NO release. 17 The lack of vasodilatory response in isolated aorta of Mas knockout mice to Ang-(1-7) stimulation strongly suggests the Mas receptor as a likely mediator of NO production. 18 Unexpectedly, the Ang-(1-7)-stimulated NO generation was not accompanied by alterations in intracellular calcium concentration suggesting that a calcium-independent pathway could be involved in this action. 16 Although many Ang-(1-7) actions involve NO release, little is known about the molecular mechanisms that mediate this response. Here we sought to determine, in human endothelial cells, whether Ang-(1-7) regulates eNOS expression/activity and whether this involves the GPCR Mas. Furthermore, we questioned whether Ang-(1-7) differentially regulates ser1179 and thr495 phosphorylation sites of eNOS and assessed whether the phosphatidylinositol 3-kinase/Akt pathway plays a role in this process.
Methods

Cell Culture
Two cell models were studied: Chinese hamster ovary (CHO) cells (American Type Culture Collection), which were stably transfected with receptor Mas cDNA or bradykinin type 2 (B2) receptors driven by a cytomegalovirus promoter and selected by neomycin, and human aortic endothelial cells ([HAEC] Cascade Biologics).
Production of Mas Antibody
Polyclonal antisera directed against Mas was produced in Mas knockout (Mas Ϫ/Ϫ ) male C57BL/6 mice, using as antigen, a 12-amino acid peptide (LAEEKAMNTSSR) corresponding with the N-terminal domain of the mouse Mas protein. A second anti-human Mas antibody was obtained from Novus Biologicals, Inc. Both antibodies gave a band corresponding to 33 kDa in HAECs.
Western Blotting
Cell stimulation was carried out at 37°C in serum-free medium. Cells were stimulated with increasing concentrations of Ang-(1-7) (10 Ϫ9 to 10 Ϫ5 mol/L) in the absence or presence of the Ang-(1-7) inhibitor, A-779 (10 Ϫ6 mol/L; 10 minutes of preincubation). In some experiments, cells were pre-exposed to the Akt inhibitor, wortmannin (10 Ϫ6 mol/L; 30 minutes). Immunoblotting was performed as described previously. 19 Specific antibodies used included AT 1 R and AT 2 R, at 1:500 dilution, and MAS, Akt, phospho-Akt, eNOS, phospho-eNOS Ser1177 and phospho-eNOS Thr495, at 1:1000 dilution.
NO Measurement
Confluent CHO and CHO-Mas cells cultured in 6-well plates were stimulated with Ang-(1-7) (10 Ϫ9 to 10 Ϫ5 mol/L) in the presence or absence of a receptor Mas antagonist, A-779 (10 Ϫ6 mol/L; 10 minutes). The nitrite in the supernatant was measured by the 2,3-diaminoftalen fluorometric assay as described previously. 20 Some sets of experiments were performed in the presence of N G -nitro-L-arginine methyl ester (10 Ϫ7 mol/L), an eNOS inhibitor.
NO release in CHO-Mas cells was also measured by an NO analyzer as described previously. 21 For fluorescence images, confluent cells between the second and fourth passages were plated in 6-well plates. CHO-transfected and CHO-nontransfected cells were preincubated in Hanks' balanced salt solution containing 4,5-diaminofluorescein-diacetate (Molecular Probes; 10
Ϫ6
mol/L; 20 minutes). Washed cells were incubated with Ang-(1-7) (10 Ϫ6 mol/L; 30 minutes) at 37°C in a humidified incubator under an atmosphere with 5% CO 2 . Fluorescence images were obtained using a Zeiss 510 metalaser scanning confocal microscope equipped with an oil-immersion objective lens (ϫ63).
To determine the potential role of B2 receptors in Ang-(1-7)-mediated NO effects, we also examined actions of Ang-(1-7) in B2 receptor-expressing CHO cells using 2,3-diaminoftalen fluorescence. An expanded Methods section is available online at http://hyper.ahajournals.org.
Statistical Analysis
Experiments were repeated 3 to 5 times in duplicate. Results are presented as meanϮSEM and compared by Student's paired t test. Multiple comparisons were compensated by Turkey-Kramer's correction. A value of PϽ0.05 was considered significant.
Results
Receptor Characterization of Cell Models
To characterize the cell models, we evaluated the presence of AT 1 R, AT 2 R, receptor Mas, and eNOS in CHO-transfected Ϫ6 mol/L for 30 minutes. To test whether B2 receptors could mediate NO production by Ang-(1-7), we used CHO cells stably transfected with B2 receptors. As demonstrated in supplemental Figure I (available online), whereas bradykinin dose-dependently increased NO production, Ang-(1-7) had no effect.
Ang-(1-7) Stimulates NO Release via Mas in CHO-Mas Cells
Ang-(1-7) Coordinately Regulates Ser1177/Thr495 Phosphorylation of eNOS
The role of Ang-(1-7) in eNOS activation was evaluated by measuring phosphorylation of 2 regulatory sites of the enzyme: Ser1177 (stimulatory site) and Thr495 (inhibitory site). As shown in Figure 3A , Ang-(1-7) (10 Ϫ7 mol/L) significantly increased Ser1177 phosphorylation (PϽ0.05) in CHO-Mas cells in a time-dependent manner. Responses were rapid with significant effects occurring within 5 minutes of stimulation. This was blocked by receptor Mas antagonist A-799. As also shown in Figure 3A , A-779 had a slight agonistic effect on the Ser1177 phosphorylation.
In contrast to that observed for the Ser1177 site, Ang-(1-7) stimulation induced a rapid dephosphorylation of the inhibitory site (Thr495), which is normally phosphorylated in baseline conditions ( Figure 3B and 3C). Although we have observed a trend for an increase above the control of p-eNOS Thr495 after the initial dephosphorylation, the differences did not reach statistical significance. In HAECs, Ang-(1-7) dose-dependently increased eNOS phosphorylation at Ser1177, with maximal effects obtained at 10 Ϫ6 mol/L ( Figure 4A ). This effect was associated with reduced eNOS phosphorylation at the inhibitory site (Thr495; Figure  4B ). Similar to CHO-Mas cells, A-779 abrogated Ang-(1-7) effects in HAECs ( Figure 4C ).
Receptor Mas Mediates Ang-(1-7)-Stimulated NO Production via Akt-Dependent Pathways
To assess whether Ang-(1-7)/Mas influences eNOS activation via Akt, CHO-Mas and HAEC cells were preincubated with wortmannin (10 Ϫ5 mol/L; 20 minutes), and effects on eNOS phosphorylation (Ser1177) were determined. As shown in Figure 5A and 5B, wortmannin blocked Ang-(1-7)-stimulated Ser1177 phosphorylation, suggesting Akt participation in Ang-(1-7)-stimulated eNOS activation.
Ang-(1-7) Stimulates Phosphorylation of Akt
To verify that Ang-(1-7) induces activation of Akt and that this effect is mediated via Mas, we assessed effects of Ang-(1-7) on Akt phosphorylation in CHO-Mas cells. As demonstrated in 
Discussion
Major findings from the present study demonstrate the following: (1) human endothelial cells possess GPCR Mas through which Ang-(1-7) mediates activation of eNOS; (2) Ang-(1-7) differentially regulates phosphorylation of Ser1177 and Thr495; and (3) the PI3K/Akt pathway plays an important role in Ang-(1-7)-mediated eNOS activation and NO release. These data suggest that Ang-(1-7) regulates endothelial cell function through functionally active Mas, which stimulates eNOS activity and NO production through Akt-dependent pathways.
Dual phosphorylation of Ser1177 and Thr495 determines the active state of eNOS in endothelial cells. 13 eNOS is basally phosphorylated on Thr495 and only weakly phosphorylated on Ser1177 in resting conditions. Rapid changes in the phosphorylation of eNOS at these residues precede its activation in response to stimulation of endothelial cells with agonists such as bradykinin, histamine, estrogen, and ionomycin. 11, 22, 23 However, effects of Ang-(1-7) on eNOS phosphorylation and the role of Mas are unknown. Our data show for the first time that Ang-(1-7) regulates Ser1177/Thr495 phosphorylation and increases NO synthase activity and NO production. Phosphorylation of eNOS at Ser1177 by agonists acting through G protein-coupled receptors is transient. 11, 12 In contrast, our results indicate that the pronounced phosphorylation of Ser1177 in Ang-(1-7)-stimulated cells was sustained for Ն30 minutes, indicating possible long-lasting eNOS activation.
The eNOS phosphorylation and NO release induced by Ang-(1-7) in Mas-transfected cells were abrogated by the Mas receptor antagonist A-779. A-779 had a slight agonistic effect on the Ser1177 phosphorylation. Partial agonism is a common feature of peptidic antagonists and has also been observed for A-779 in some preparations. 24 Studies in Mastransfected cells ruled out involvement of the other Ang receptors, because these cells do not express AT 1 R or AT 2 R constitutively. Evidence for the involvement of receptor Mas in the NO-releasing activity has also been suggested in in vivo studies using Mas knockout mice. In aorta of Masdeficient mice, endothelium-dependent vasodilator effects of Ang-(1-7) are abolished. 18 In support of this, our study demonstrated that Ang-(1-7) did not induce NO release or eNOS phosphorylation in nontransfected cells, which do not possess the GPCR Mas.
Novel findings from our study demonstrate that human endothelial cells constitutively express Mas, which provides a physiological basis for the effects of Ang-(1-7) in human vessels. In support of the results obtained in Mas-transfected cells, we found that pretreatment of HAECs with the Mas receptor antagonist A-779 also inhibited the eNOS phosphorylation. Thus, as demonstrated previously in Mas knockout mice, this receptor seems to be essential for vascular biological actions of Ang- (1-7) . 18 In keeping with our results, Santos et al 14 demonstrated that human endothelial cells can generate Ang-(1-7) from radiolabeled Ang I or Ang II. Heitsch et al showed that Ang-(1-7) increases NO production in endothelial cells. 16 Moreover, Faria-Silva et al 17 recently demonstrated in vivo that NO is involved in Ang-(1-7)-mediated improvement of endothelial function. Thus, human endothelium is capable of generating Ang-(1-7) and responds functionally to this peptide by releasing NO through Mas.
Several studies have shown that Ang-(1-7) does not increase intracellular calcium concentration in many cell types, including endothelial cells. 16 Thus, we hypothesized that its effect on NO production could be mediated by the calcium-independent pathway PI3K/Akt. Consistent with our hypothesis, we found that Akt is rapidly activated by Ang-(1-7)/Mas and that it is an upstream signaling modulator for Ang-(1-7)-stimulated eNOS activation. Wortmannin, a PI3K inhibitor, blocked the Ang-(1-7)-induced Akt and eNOS phosphorylation both in CHO-Mas cells and HAECs. The Akt/ protein kinase B pathway is important for phosphorylation of eNOS Ser1177 as observed in response to fluid shear stress, vascular endothelial growth factor, and estrogen. 9, 10, 23 Although bradykinin-induced phosphorylation of eNOS is partially dependent on the PI3K/Akt pathway, it has been suggested that eNOS regulation by GPCRs, such as B 2 -bradykinin receptor, is more dependent on calmodulin KII and a calcium-dependent pathway. 11 In contrast, our results clearly suggest that Ang- (1-7) regulates eNOS through a PI3K/Akt-sensitive pathway. In contrast to what was reported by Heitsch et al, 16 the response to Ang-(1-7), in both CHO and HAECs was completely blocked by A779, which does not interfere with B2 receptor-mediated responses. 29 Furthermore, Ang-(1-7) failed to increase NO production in B2-expressing cells. Therefore, unlike what was reported in bovine endothelial cells, we have no evidence in CHO cells or HAECs that Ang-(1-7) effects are mediated through B2 receptors. Previous studies demonstrated that Ang-(1-7)-stimulated NO release occurs at baseline concentrations of intracellular calcium. 16 Hence, it can be postulated that the Ang- (1-7) stimulation of eNOS at Ser1177 by Akt, in addition to its concomitant effect on thr495 dephosphorylation, which facilitates calmodulin binding, may be a major mechanism for endothelial NO production.
In summary, findings from the present study suggest that the GPCR-Mas mediates Ang-(1-7)-stimulated NO production in human endothelial cells via PI3K/Akt-dependent pathways, which induce changes in eNOS phosphorylation. Our results highlight the importance of the Ang-(1-7)/Mas axis as a potential regulator of endothelial function.
Perspectives
Growing evidence indicates that Ang-(1-7) causes endothelial-dependent vasodilation mediated, in part, by NO release. In addition, Ang-(1-7) seems to counteract many of the effects elicited by Ang II. These events may be important in maintaining endothelial function and vascular integrity. Molecular mechanisms involved in endothelial NO generation by Ang-(1-7) are elusive. In the present study, we demonstrate that in human endothelial cells, which possess GPCR Mas, Ang-(1-7) plays an important role in eNOS activation mediated, in part, through PI3K/Akt-dependent pathways. Our findings highlight the potential importance of the Ang-(1-7)-Mas-Akt-eNOS cascade in the regulation of endothelial function. Dysregulation of this pathway in pathological conditions, such as in hypertension, may contribute to endothelial dysfunction and vascular remodeling. 
MATERIAL AND METHODS
Reagents
Antibodies were from the following companies: AT 1 hydrocortisone, 1 µg/ml; human epidermal growth factor, 10ng/ml; basic fibroblast growth factor, 3 ng/ml; and heparin, 10µg/ml. Cells were serum-deprived for 24 hours prior to experimentation to render them quiescent. CHO and CHO-Mas transfected cells were a generous gift from Dr. João Bosco Pesquero.
Production of Mas antibody
Polyclonal antisera directed against Mas, was produced in Mas KO (Mas 
Western blotting
Cell stimulation was carried out at 37°C in serum-free medium. Cells were stimulated with increasing concentrations of Ang-(1-7) (10 Control cells were incubated in the same media without Ang-(1-7). As negative control, cells were incubated in media lacking DAF-2DA. After the incubation time, the medium was discarded, cells were washed and cover slipped using 10% glycerol (Tris, pH 7.4).
Fluorescent images were obtained using a Zeiss 510 metalaser scanning confocal microscope equipped with an oil-immersion objective lens (x63). 
